We wished to quantify the extent of soft-tissue damage sustained during minimally invasive total hip arthroplasty through the direct anterior (DA) and direct superior (DS) approaches.
Aims
We wished to quantify the extent of soft-tissue damage sustained during minimally invasive total hip arthroplasty through the direct anterior (DA) and direct superior (DS) approaches.
Materials and Methods
In eight cadavers, the DA approach was performed on one side, and the DS approach on the other, a single brand of uncemented hip prosthesis was implanted by two surgeons, considered expert in their surgical approaches. Subsequent reflection of the gluteus maximus allowed the extent of muscle and tendon damage to be measured and the percentage damage to each anatomical structure to be calculated.
Results
The DA approach caused substantially greater damage to the gluteus minimus muscle and tendon when compared with the DS approach (t-test, p = 0.049 and 0.003, respectively). The tensor fascia lata and rectus femoris muscles were damaged only in the DA approach. There was no difference in the amount of damage to the gluteus medius muscle and tendon, piriformis tendon, obturator internus tendon, obturator externus tendon or quadratus femoris muscle between approaches. The posterior soft-tissue releases of the DA approach damaged the gluteus minimus muscle and tendon, piriformis tendon and obturator internus tendon.
Conclusion
The DS approach caused less soft-tissue damage than the DA approach. However the clinical relevance is unknown. Further clinical outcome studies, radiographic evaluation of component position, gait analyses and serum biomarker levels are necessary to evaluate and corroborate the safety and efficacy of the DS approach.
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Minimally invasive surgery (MIS) during total hip arthroplasty (THA) is often defined by the size of the skin incision but MIS-THA actually involves limited soft-tissue and bony dissection as well. Advantages of MIS-THA have been reported to include shorter hospital stays, rapid rehabilitation, less blood loss and diminished post-operative pain, which are attributable to the relative lack of muscle and tendon damage during MIS-THA. [1] [2] [3] [4] [5] [6] [7] [8] [9] The disadvantages of MIS-THA include increased operative time, a more restricted view, potential for component malpositioning, increased intraoperative complications, steep surgical learning curve and inability to eliminate osseous impingement. [10] [11] [12] [13] No surgical technique has proven definitively superior to another, yet there is considerable interest in MIS-THA by surgeons and patients. For surgeons, the benefits of a shorter incision must outweigh the added technical difficulty from restricted surgical access.
The surgical approach has an influence on gait, hip stability and muscle function. 14 Muscular strength decreases substantially in the weeks after THA and strengthening of the weakened musculature is important for recovery after THA. 15, 16 At six months, none of the patients' gait returned to normal after observing ten patients after an anterolateral approach and only 30% returned to normal after observing ten patients after a posterolateral approach after quantitative gait analysis. 17 The anterolateral and direct lateral approaches are associated with concerns that trauma to the abductor muscles leads to permanent post-operative abductor weakness and/or Trendelenburg limp. 18 A posterior capsular repair following a posterior approach reduces the dislocation rate after THA. 19, 20 MIS-THA approaches, like the direct anterior (DA), provide reduced exposure of the hip through an internervous and intermuscular plane, theoretically reducing soft-tissue damage. 21, 22 However, there is no consensus on the relative functional and clinical advantages of the different surgical approaches. 18, 23, 24 Two MIS techniques currently used to perform THA are the DA and the direct superior (DS) approach. We compared these in a cadaveric dissection to identify whether muscle and tendon damage would be less using the DA approach, performed without a fracture table, than with the DS approach.
Materials and Methods
The DA and DS approaches to THA have been previously described and have been used extensively for MIS-THA. 8, [25] [26] [27] In this study, the DA approach was performed without the assistance of a traction-table with the cadaver positioned supine. In cases of more difficult exposure, anterior femoral mobilisation was facilitated by intentional release of the posterior capsule and short external rotators. Since most surgeons are not as familiar with the DS approach, we will detail the technical steps involved. The DS approach (see supplementary material for photographs) was performed with the cadaver in the lateral decubitus position. An incision of approximately 8 cm in length was made from the posterior corner of the greater trochanter extending proximally and posteriorly in line with the fibres of the gluteus maximus. The gluteus maximus fascia was incised sharply, exposing the gluteus maximus muscle. These gluteus maximus muscle fibres were divided longitudinally exposing pericapsular fat along the posterior border of the greater trochanter. The piriformis and conjoined tendons were detached from their insertion on the posterior greater trochanter. The capsular insertion of the gluteus minimus muscle was elevated. With the posterior hip capsule completely exposed, the capsulotomy began at the distal, inferolateral aspect of the wound and extended proximally and posteromedially towards the superior acetabular margin. The hip was dislocated posteriorly, the centre of the femoral head was marked, the femoral neck osteotomy was made with an oscillating saw, and the femoral head was removed. A curved Hohmann was placed over the anterior acetabular rim. A bent Hohmann was then placed at the inferior margin of the acetabulum. Another bent Hohmann retractor was inserted into the ilium between the superior labrum and the superior capsule. An optional double bent Hohmann retractor may be placed posteriorly into the ischium. With the acetabulum circumferentially exposed, the acetabular labrum and pulvinar were excised and the acetabulum was reamed with an angled acetabular reamer. The leg was then placed in 40º flexion, 40º adduction and 40º internal rotation. A bent Hohmann retractor was placed along the calcar to retract the quadratus muscle away from the proximal femur. Another bent Hohmann retractor was placed on the anterolateral femoral neck to retract the gluteus maximus and medius muscles. A femoral neck elevator was then inserted on the anterior femoral neck to elevate and expose the proximal femur. A box chisel was used to remove the bone from the posterolateral femoral neck. For both approaches, a single hand-powered reamer was used to locate the direction of the femoral diaphysis, hand reaming was performed to lateralise the proximal femoral opening, and sequential broaching was performed with an offset broach handle until maximal cortical contact in the mediolateral dimension was obtained.
Based on an a priori power analysis using muscle damage surface area data from previously published and wellestablished anatomical muscle damage data, 28, 29 eight fresh frozen cadavers (16 hips, eight matched pairs) without previous hip or pelvic surgery were obtained from the Medical Education Research Institute Nevada, to enable comparison of the two approaches with > 80% power and an alpha error of 0.05 (Table I) . We specifically excluded cadavers with a body mass index (BMI) above 40 kg/m 2 as some surgeons choose not to use MIS approaches to the hip, such as the DA approach, in patients with an elevated BMI. The mean age at death was 61.9 years (standard deviation (SD) 14.3; 42 to 81). There were five female cadavers and three male. The mean height of the cadavers was 170.7 cm (SD 10.6; 157 to 183), the mean weight was 68.4 kg (SD 12.7; 55 to 91) and the mean BMI was 23.4 kg/m 2 (SD 13.1; 20 to 28).
The cadavers were thawed at room temperature. The first hip, right or left for each specimen, was randomly BMI, body mass index; SD, standard deviation assigned to either the DA or the DS approach by a random number generator. The remaining hip for each specimen received the approach not performed on the contralateral hip. The order of surgery was also assigned by a random number generator. The Accolade II femoral and the Trident hemispherical acetabular instrumentation (Stryker, Mahwah, New Jersey) were used in each case, and the femoral canal was prepared using a broach-only method without powered reaming. Each procedure in the DA approach group was performed by an expert surgeon (MAM), who uses the DA approach in clinical practice and has performed over 1000 THAs using the DA approach. Each procedure in the DS approach group was performed by an expert surgeon (DJR), who uses the DS approach in clinical practice and has performed over 1000 THAs using the DS approach. An orthopaedic surgeon who was not involved with the surgical procedures performed the visual evaluation of muscular and tendinous damage (DFA). The gluteus maximus muscle was detached from its origin and reflected distally to expose the greater trochanter. The gluteus medius muscle was identified and the dimensions of its origin, insertion, and greatest measured length were measured with a ruler and recorded. The length was determined from the midpoint posterior to the anterosuperior iliac spine and measured to the greatest distal point of insertion on the greater trochanter. The gluteus medius tendon was defined by its length and width of attachment to the greater trochanter and was standardised in all specimens to include the portion 1 cm proximal to the bony insertion. The gluteus minimus was identified and assessed for muscle and tendon damage using identical methodology as described for the gluteus medius. The tensor fascia lata (TFL) muscle was identified and defined by its origin on the anterior iliac crest and the most distal visible muscle fibres inserting on iliotibial tract. The width of TFL origin, insertion and length were measured and recorded in addition to the length and width of visible injury to the muscle fibres. The quadratus femoris muscle was identified and defined by its origin on the ischium and its insertion on the femur. The width of quadratus femoris muscle origin, insertion and length were measured and recorded in addition to the length and width of visible injury to the muscle fibres. The direct head of the rectus femoris was identified at its origin at the anteroinferior iliac spine and a distal width was measured a standard distance of 12 cm distal from the anteroinferior iliac spine in each specimen. Damage to the reflected head of the rectus femoris muscle was not measured because this structure was intentionally released as an essential part of the DA approach. Piriformis, conjoined (e.g., superior gemellus, obturator internus, inferior gemellus) and obturator externus tendon damage was also assessed and quantified. However, because of the small dimensions at the insertions and the intentional nature of their release during the posterior approach and a select group of the DA approach, these tendons were considered either intact (0% damage) or disrupted (100% damage).
The amount of muscle and tendon damage secondary to exposure as well as femoral canal preparation and stem insertion for both groups was quantified using the method described previously. [28] [29] [30] Damaged muscle was defined as muscle fibres that were visibly torn, cut or macerated. Damage to the tendon was defined as any damage or disruption to the tendon insertion. The length and width of the damaged area was measured with a ruler and was recorded. The surface area of each muscle was calculated by obtaining the mean muscle width (mean of the origin and insertion) multiplied by its length. The tendon surface area was calculated by multiplying the respective width and depth of insertion onto the greater trochanter. The percentage of muscle and tendon disrupted by each procedure was determined by comparing the calculated surface areas of muscle and/or tendon associated with each procedure. If a tendon was transected, a surface area measurement was difficult to A two-sided paired student's t-test was used to for all continuous statistical comparisons. A twosided Fisher's exact test was used to for all categorical statistical comparisons. A p-value < 0.05 was considered statistically significant.
Results

Muscular damage.
There was no statistically significant difference in the percentage surface area of damage to the gluteus medius muscle (t-test, p = 0.917) in the DA and DS approaches (Tables II and III) . The mean amount of damage to the gluteus medius muscle was 2.2% (SD 3.6%) of its muscular surface area in the DA approach and 2.0% (SD 2.2%) of its muscular surface area in the DS approach. The damage created by the DA approach occurred in three of the eight specimens along the anterior aspect of the gluteus medius muscle belly. The damage created by the DS approach occurred in six of the eight specimens along the posterior aspect of the gluteus medius muscle belly but also involved its tendinous insertion at the greater trochanter (see below). There was no statistically significant difference between the DA and DS approaches in the rate of gluteus medius muscle injury (Fisher's exact test, p = 0.314).
There was a statistically greater proportion of surface area damage to the gluteus minimus muscle (t-test, p = 0.049) in the DA when compared to the DS approach (Tables II and III) . The mean amount of damage to the gluteus minimus muscle was 8.8% (SD 8.0) of its muscular surface area in the DA approach and 2.2% (SD 2.3) of its muscular surface area in the DS approach. The damage created by the DA approach occurred in all eight specimens along the anterior aspect of the gluteus minimus muscle belly. The damage created by the DS approach occurred in five of the eight specimens along the posterior aspect of the gluteus medius muscle belly. There was no statistically significant difference between the DA and DS approaches in the rate of gluteus minimus muscle damage (Fisher's exact test, p = 0.200).
There was no statistically significant difference between the DA and DS approaches in the proportion of the surface area damage to the quadratus femoris muscle (t-test, p = 0.128) (Tables II and III) . There was no damage to the quadratus femoris muscle in the DA approach. Out of the eight specimens, three had damage along the superior border of the quadratus femoris muscle along its insertion into femur during the DS approach. This damage involved a mean of 2.9% (SD 4.7) of its muscular surface area. There There was statistically more proportional surface area damage to the TFL muscle (t-test, p = 0.001) and rectus femoris muscle (t-test, p = 0.046) in the DA when compared to the DS approach (Tables II and III) . There was no damage to the TFL or rectus femoris muscles during the DS approach. Seven of the eight specimens had damage along the medial border of the TFL muscle from the DA approach. This damage involved a mean of 17.9% (SD 8.9) of its muscular surface area. The fascia of the TFL muscle was well preserved. Out of the eight specimens, five had damage along the lateral border of the rectus femoris muscle from the DA approach. This surface area damage involved a mean of 1.9% (SD 2.2) of its muscular area. The origin of the rectus femoris muscle was intact in all specimens. There was a statistically significant increase in the rate of TFL (Fisher's exact test, p = 0.001) and rectus femoris (Fisher's exact test, p = 0.026) muscle damage in the DA approach when compared to the DS approach. Tendinous damage. There was no statistically significant difference in the proportional surface area damage to the gluteus medius tendon (t-test, p = 0.172) in the DA and DS approaches (Tables IV and V) . There was no damage to the gluteus medius tendon in the DA approach and a mean of 0.1% (SD 0.2) of its tendinous surface area was damaged in the DS approach. The tendinous damage created by the DS approach involved the tendinous insertion of the gluteus medius muscle at the greater trochanter in two of the eight specimens. There was no statistically significant difference between the DA and DS approaches in the rate of gluteus medius tendon injury (Fisher's exact test, p = 0.467). Tendinous transection. There was a statistically more transected length of the gluteus minimus tendon (t-test, p = 0.003) in the DA when compared to the DS approach (Tables IV and V) . The mean amount of gluteus minimus tendon transection during femoral mobilisation was 60% (SD 35) of its tendinous width in the DA approach and 2.5% (SD 7.1) of its tendinous width in the DS approach. The damage involved a transection of gluteus minimus tendinous insertion at the greater trochanter in seven of the eight specimens (Fig. 1) . The damage created by the DS approach involved the gluteus minimus tendinous insertion at the greater trochanter in one of the eight specimens. There was a statistically significant increase in the rate of gluteus minimus tendon transection with the DA approach when compared to the DS approach (Fisher's exact test, p = 0.01).
There was no statistically significant difference between the DA and DS approaches in the rate of piriformis tendon transection (Fisher's exact test, p = 0.200), obturator internus tendon transection (Fisher's exact test, p = 0.200), obturator externus tendon transection (Fisher's exact test, p = 1.000, Tables IV and V). During femoral mobilisation, the DA approach transected the piriformis and obturator internus tendons in five of the eight specimens, while the DS approach transected the piriformis and obturator internus tendons in all eight specimens. The obturator externus tendon was intact in every specimen regardless of approach.
Discussion
The growth of interest in MIS-THA is related to marketand patient-driven demand for the procedure. 31, 32 In one study, involving 737 hip surgeons, 53% admitted feeling pressured to use specific surgical technique or implant as a result of a patient request, in some cases in a way that they believed could be harmful to their patients. 32 The learning curve connected with MIS-THA is steep, and mastering the skill is frequently an ongoing process. Images showing a) complete transection of the gluteus minimus tendon insertion from anterior to posterior caused by the releases required for femoral mobilisation during the direct anterior approach; b) reduction of the gluteus minimus tendon transection demonstrating the extent of damage to the tendon and muscle belly during the releases required for femoral mobilisation. The gluteus minimus muscle (*) is resected for anatomical viewing of the gluteus minimus insertion onto the greater trochanter (GT). Multiple studies have found no differences in operating time, pain control, transfusion rates, low-grade heterotopic ossification, estimated blood loss, length of hospital stay, gait (ie, stride length, cadence, or walking speed), or Harris hip score 32, 33 between MIS and conventional THA. [36] [37] [38] [39] [40] However, several authors report early functional recovery and faster rehabilitation with a DA or two-incision surgical approach. 3, 4, 41 Comparative studies in cadavers demonstrated substantially more muscle damage occurs through a two-incision or DA approaches when compared with a miniposterior approach to THA. 28, 29 The issue remains whether THA performed through muscle-sparing approaches truly minimises muscle damage and whether this translates to faster functional recovery and diminished pain in the early post-operative period. Muscular damage. We found the DS approach caused 75% less damage to the gluteus minimus muscle (p = 0.049) when compared to the DA approach. A previous cadaver based study demonstrated > 50% reduction in gluteus minimus muscle damage with the DA approach when compared with the mini-posterior approach. 29 The gluteus medius muscle did not show any statistically significant difference in damage in either surgical approach. This may be a reflection of the femoral instrumentation used in this study as only single hand-powered straight reamers were used to open the canal. Damage to the TFL muscle and direct head of the rectus femoris muscle were exclusive to the DA approach. Tendinous damage. The results showed that the DS approach caused 96% less transection of the gluteus minimus tendon (p = 0.003) when compared to the DA approach. A previous cadaveric study demonstrated an 80% reduction damage to the gluteus minimus tendon damage with the DA approach when compared with the a mini-posterior approach. 29 These data suggest the DS approach causes less damage to the gluteus minimus tendon when compared with the DA approach and possibly when compared with the mini-posterior approach as well.
The gluteus medius tendon did not show any statistically significant difference in damage in either surgical approach. Again this is probably a result of the femoral instrumentation used in this study as only single hand-powered straight reamers were used. The piriformis and obturator internus tendons are intentionally released as part of the DS approach. However, the piriformis and obturator internus tendons were transected in five of eight specimens and the gluteus minimus tendon was released in seven of eight specimens undergoing the DA approach. This damage occurred intentionally by transecting their tendinous insertions to mobilise the proximal femur anteriorly in preparation for the femoral rasps. This relationship highlights the importance of muscle mass rather than BMI as a predictor of muscle damage that may occur via MIS-THA.
Our cadaveric study has limitations. The investigation was limited by sample size and insufficiently powered to show statistical differences in the amount of damage to certain muscles and tendons. Further testing in additional specimens may yield statistically significant differences. Secondly, the tissues of a cadaver do not possess the same physical and mechanical properties as tissue in vivo and may not adequately reflect the relative difference in difficulty of the surgical exposure. However, we used fresh, whole cadavers and the surgery approximated to the in vivo experience with both surgical exposures. An investigation of surgical technique exhibits an inherent variable of surgeon skill and experience. However, the surgeons who performed the surgeries (MAM and DJR) have considerable experience with each of their respective MIS surgical exposures. We acknowledge the difficulty in accurately quantifying muscle, tendon and soft-tissue damage sustained in each structure at the hip during the various surgical approaches for THA. The relative value of each muscle and tendon and their individual relevance to post-operative pain and functional recovery has not been established. Although the DS approach seems to preserve the gluteus minimus muscle and tendon as well as the TFL and rectus femoris muscles, the overall clinical significance of damage to these individual muscles and effect on post-operative pain and early recovery remains unanswered.
In conclusion, the DS approach minimises gluteus minimus muscle and tendon damage compared with the DA approach and spares the TFL and rectus femoris muscles which are damaged during the DA approach. The gluteus minimus, piriformis and obturator internus tendon releases may be necessary to mobilise the femur during the DA approach. Additionally, these structures are not routinely repaired after the DA approach. Further clinical outcome studies, radiographic evaluation of component position, gait analyses, and serum biomarker levels are necessary to evaluate and corroborate the safety and efficacy of the DS approach.
Take home message:
This cadaveric study demonstrates less inadvertent muscle and tendon damage during the DS approach when compared to the DA approach during minimally invasive total hip arthroplasty.
Supplementary material
Photographs illustrating the direct superior approach can be found alongside the paper at http://www.bjj.boneandjoint.org.uk
